The first search for single top quark production from the exchange of an s-channel virtual W boson using events with an imbalance in the total transverse momentum, b-tagged jets, and no identified leptons is presented. The full data set collected by the Collider Detector at Fermilab, corresponding to an integrated luminosity of 9.45 fb −1 from Fermilab Tevatron proton-antiproton collisions at a center of mass energy of 1.96 TeV, is used. Assuming the electroweak production of top quarks of mass 172.5 GeV/c 2 in the s-channel, a cross section of 1.12
−0.57 (stat+syst) pb, with a significance of 1.9 standard deviations, is measured. This measurement is combined with a previous result obtained from events with an imbalance in total transverse momentum, b-tagged jets, and exactly one identified lepton, yielding a cross section of 1.36 The top quark was discovered at Fermilab in 1995 [1, 2] through top-antitop-quark pair production. This process is mediated by the strong interaction and results in the largest contribution to the top-quark-production cross section in hadron colliders. The top quark can also be produced singly via the electroweak interaction involving the W tb vertex with a W boson and a b quark. The study of single top quark production is particularly interesting because of the direct dependence of the cross section on the magnitude of the W tb coupling. Furthermore, electroweak single top quark production from the exchange of an s-channel virtual W boson is of special interest since possible deviations from the standard model (SM) expectation could indicate evidence for non-SM particles such as higher-mass partners of the W boson (W ) or charged Higgs bosons [3] . Examples of SM single top quark production processes dominating at the Tevatron are shown in Figure 1 .
Single top quark production was observed at the Tevatron in 2009 [4] [5] [6] in the combined t-and s-channels. However, s-channel production has yet to be observed independently. While the single top quark production through the t-channel exchange of a W boson, first observed by the D0 experiment [7] , was established in Large Hadron Collider (LHC) proton-proton collisions [8, 9] , the s-channel process has an unfavorable production rate compared to the background rates at the LHC. The D0 Collaboration reported the first evidence of s-channel single top quark production [10], measuring a cross section of 1.10 +0.33 −0.31 (stat+syst) pb, with a significance of 3.7 standard deviations. More recently CDF also obtained 3.8 standard deviation evidence using events containing one isolated muon or electron, large missing transverse energy ( / E T ) [11] , and two jets, at least one of which is identified as likely to have originated from a bottom quark (b-tagged) [12] . This sample is referred to as the νbb sample. In this Letter, a similar search is reported, performed for the first time using an independent sample of events with large / E T , two or three jets of which one or more jets are b-tagged, and no detected electron or muon candidates. This sample is referred to as the / E T bb sample. Most of the techniques developed for the low-mass Higgs boson search [13] in the same data sample are exploited, including the HOBIT b-tagger [14] . By combining the results of the two searches, the best possible sensitivity to s-channel single top production from the 9.45 fb −1 of integrated luminosity from the full CDF II data set is obtained.
In the / E T bb analysis, events are accepted by the online event selection (trigger) that requires / E T > 45 GeV or, alternatively, / E T > 35 GeV and two or more jets with transverse energy E T > 15 GeV. Offline, events containing identified electrons or muons are excluded and / E T > 35 GeV is required, after correcting measured jet energies for instrumental effects [15] . Events with two or three high-E T jets are selected and the two jets with the largest transverse energies, E j1 T and E j2 T , are required to satisfy 25 < E j1 T < 200 GeV and 20 < E j2 T < 120 GeV, where the jet energies are determined from calorimeter deposits corrected for track momentum measurements [16] . A fraction of events consists of single top quark candidates in which the tau lepton from the t → W b → τ νb decay is reconstructed as a jet in the calorimeters. To increase the acceptance for events with an unidentified τ lepton, events in which the third-most energetic jet satisfies 15 < E j3 T < 100 GeV are accepted. Because of the large rate of inclusive quantum chromodynamics (QCD) multijet (MJ) production, events with four or more reconstructed jets, where each jet has transverse energy in excess of 15 GeV and pseudorapidity [11] |η| < 2.4, are rejected. To ensure that the two leading-E T jets are within the silicon-detector acceptance, they are required to satisfy |η| < 2, with at least one of them satisfying |η| < 0.9.
The MJ background events most often contain / E T generated through jet energy mismeasurements. Neutrinos produced in semileptonic b-hadron decays can also contribute to the / E T of these events. In both cases, the / E T is typically aligned with E j2 T , and events are rejected by requiring the azimuthal separation between / E T and E j2,3 T to be larger than 0.4. The remaining MJ background has a large contribution of events with jets from fragmenting light-flavored u, d, and s quarks or gluons, which can be further reduced by requiring b-tagged jets. Charm quarks, which share some features associated with b quarks, are not explicitly identified. Events are assigned to three independent subsamples depending on the HOBIT output of the two leading jets. Jets with HOBIT values larger than 0.98 are defined as tightly tagged (T-jet), whereas jets with outputs between 0.72 and 0.98 are defined as loosely tagged (L-jet). TT events are defined as those in which both jets are tightly tagged, TL events as those in which one jet is tightly tagged and the other is loosely tagged, and 1T events as those in which only one jet is tightly tagged while the other is untagged. Events with either two or three jets are analyzed separately, leading to six event subsamples with differing signal to background ratios. This strategy enhances sensitivity and helps separate s-channel single top quark production, enhanced in the double-tag categories, from the t-channel production, enhanced in the single-tag categories. In order to extract the s-channel electroweak single top quark signal from the more dominant background contributions, the rates and kinematic distributions of events associated with each process need to be accurately modeled. The kinematic distributions of events associated with top-quark pair, single top quark, V+jets (where V stands for W and Z bosons), W+c, diboson (VV) and associated Higgs and W or Z boson (VH) production are modeled using simulations. The alpgen generator [17] is used to model V+jets, W+c, and VH production. The powheg [18] generator is used to model t-and s-channel single top quark production, while pythia [19] is used to model top-quark-pair and VV production. Parton showering is simulated in all cases using pythia. Event modeling includes simulation of the detector response using geant [20] . The simulated events are reconstructed and analyzed in the same way as the experimental data. Normalizations of the event contributions from t-channel single top quark, VV, VH, and tt pair production are taken from theoretical cross section predictions [21] [22] [23] [24] , while normalization for W+c production is taken from the measured cross section [25] . For V+jets production, the heavy-flavor contribution is normalized based on the number of b-tagged events observed in an independent data control sample. Contributions of V+jets, and VV events containing at least one incorrectly b-tagged, light-flavored jet are determined by applying to simulated events perevent mistag probabilities obtained from a generic event sample containing light-flavored jets [26] . The MJ background [13] remaining after the full selection criteria is modeled by applying a tag-rate matrix derived from a MJ-dominated data sample to pre-tagged events that otherwise satisfy the signal sample selection criteria. The estimated event yields are shown in Table I, II. In order to separate the s-channel single top quark signal from the backgrounds, a staged multivariate neural network (NN) technique is employed. A first network, NN QCD , is trained to discriminate MJ events from signal events. Events that satisfy a minimal requirement on the NN QCD output variable are further analyzed by a function, NN sig , derived from the outputs of two additional NNs, NN V jets and NN tt , designed respectively to separate the signal from V+jets (and the remaining MJ events) and tt backgrounds.
The NN QCD discriminant is trained using QCD multijet events for the background sample and W+jets events for the signal sample, since the kinematic properties associated with the presence of a W boson in the s-channel single top quark and W+jets production processes are very similar, in contrast with those of events originating from MJ production. The discriminant is trained separately for the two-jet and three-jet samples using kinematic, angular, and event-shape quantities for the input variables.
The two additional networks, NN V jets and NN tt , are trained for events that satisfy the minimum requirement on the NN QCD output variable. The first, NN V jets , is trained to separate the s-channel single top quark signal from V+jets and the remaining MJ backgrounds using simulated signal and background made of pretagged data events that satisfy the requirement on NN QCD , reweighted by the tag-rate parametrization, for the background sample. The NN QCD requirement changes the pretag data composition, enhancing the V+jets contribution and selecting MJ events with properties closer to those expected for V+jets events. The background model obtained by reweighting these events via the tag-rate probability accounts for both the V+jets and MJ event contributions, allowing for more straightforward training of the NN V jets . The second, NN tt , is trained to separate s-channel single top quark from tt production using simulation for both components. The final discriminant, the NN sig , is defined as the quadrature-weighted sum of the NN V jets and NN tt output variables. Figure 2 shows the predicted and observed shapes of the NN sig output variable for each of the six event subsamples. The modeling of SM backgrounds is tested in several control samples. A first (EWK) control sample is defined containing events with at least one charged lepton that otherwise satisfy the selection criteria. This sample is independent from the signal sample and is sensitive primarily to top-quark pair, V+jets, and, to a lesser extent, VV production. A second (QCD) control sample contains events that do not meet the minimal requirement on the NN QCD output variable but otherwise satisfy the selection criteria. This event sample, dominated by MJ production, is used to validate the data-driven MJ background model and obtain scale factors, ranging from 0.7 to 0.9, for normalizing modeled contributions to the TT, TL, and 1T event subsamples. Comparisons of modeled and observed distributions for multiple kinematic variables, including those used as inputs to the NN QCD , NN V jets , and NN tt , are used to validate the accuracy of the model.
To measure the signal contribution, the sum of modeled contributions is fitted to the observed data as a function of the final discriminant variable, NN sig , accounting for statistical and systematic uncertainties. The dominant systematic uncertainties arise from the normalization of the V-plus-heavy-flavor background contributions (30%), differences in b-tagging efficiencies between data and sim-ulation (8-16%), and mistag rates (20-30%) [14] . Other uncertainties are on the tt (3.5%), t-channel single top quark (6.2%), VV (6%), VH (5%), and W+c (23%) cross sections [21] [22] [23] [24] [25] , normalizations of the QCD multijet background (3-7%), luminosity measurement (6%) [27] , jetenergy scale (1-6%) [15] , trigger efficiency (1-3%), parton distribution functions (2%), and lepton vetoes (2%). The shapes obtained by varying the tag-rate probabilities by one standard deviation from their central values are applied as uncertainties on the shapes of the NN sig output distribution for the MJ background. Changes in the shape of the NN sig distribution originating from jet energy scale uncertainties are also incorporated for processes modeled via the simulation.
A likelihood fit to the binned NN sig distribution is used to extract the s-channel single top quark signal in the presence of SM backgrounds. The likelihood is the product of Poisson probabilities over the bins of the final discriminant distribution. The mean number of expected events in each bin includes contributions from each background source and s-channel single top quark production, assuming a top-quark mass of 172.5 GeV/c 2 . To extract the signal cross section, a Bayesian method is employed [28] . A uniform prior probability in the non-negative range for the s-channel single top quark production cross section times branching fraction and truncated Gaussian priors for the uncertainties on the acceptance and shape of each process are incorporated in the fit. Results from each of the six search subsamples are combined by taking the product of their likelihoods and simultaneously varying the correlated uncertainties.
The measured s-channel single top quark cross section in the / E T bb sample is 1.12
−0.57 (stat+syst) pb. The probability of observing a signal as large as the observed one or larger that results from fluctuations of the background (p-value) is determined using pseudoexperiments to be is 3.1 × 10 −2 , corresponding to a significance of 1.9 standard deviations. The median expected significance assuming that a signal is present at the SM rate is 1.8 standard deviations.
This result is combined with the result of a similar search in the νbb sample [12] . In that search, candidate events were selected by requiring exactly one reconstructed muon or electron in the final state. Hence, no such events are included in the / E T bb analysis described above. Four independent tagging categories, according to the score of the HOBIT tagger on the two leading jets (tight-tight TT, tight-loose TL, single-tight 1T, and loose-loose LL), were analyzed separately. Events were also divided into three independent categories based on different lepton reconstruction algorithms. To further discriminate the signal from all other backgrounds, neural networks were employed. These NNs were optimized separately for each tagging and lepton category. Correlated systematic uncertainties were treated as described above for the / E T bb search. Finally, a Bayesian binnedlikelihood technique was applied to the final NN output to extract the s-channel single top quark cross section. The significance of the result from the νbb channel was 3.8 standard deviations, and the measured cross section was 1.41
+0.44
−0.42 (stat+syst) pb, assuming a top-quark mass of 172.5 GeV/c 2 . The two analyses are combined by taking the product of their likelihoods and simultaneously varying the correlated uncertainties, following the same procedure explained above. The uncertainties associated with the theoretical cross sections of the tt, t-channel electroweak single top quark, VV, and VH production processes; the luminosity; the b-tagging efficiency; and the mistag rate are considered fully correlated between the two searches. The combined measurement results in an s-channel single top quark production cross section of 1.36 +0.37 −0.32 pb, consistent with the SM cross section of 1.05 ± 0.05 pb [22] . The combined p-value is 1.6 × 10 −5 , which corresponds to a signal significance of 4.2 standard deviations. The median expected significance is 3.4 standard deviations.
In summary, we perform for the first time a search for schannel single top quark production in the / E T bb channel. The result is combined with that of a previous search in the νbb channel [12] to strengthen the reported evidence for s-channel single top quark production, leading to an improvement of more than 10% on the uncertainty of the measured cross section.
